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Abstract: Cranio-maxillofacial structure is a region of particular interest in the field of regenerative
medicine due to both its anatomical complexity and the numerous abnormalities affecting this area.
However, this anatomical complexity is what makes possible the coexistence of different microbial
ecosystems in the oral cavity and the maxillofacial region, contributing to the increased risk of
bacterial infections. In this regard, different materials have been used for their application in this
field. These materials can be obtained from natural and renewable feedstocks, or by synthetic routes
with desired mechanical properties, biocompatibility and antimicrobial activity. Hence, in this review,
we have focused on bio-based polymers which, by their own nature, by chemical modifications of
their structure, or by their combination with other elements, provide a useful antibacterial activity as
well as the suitable conditions for cranio-maxillofacial tissue regeneration. This approach has not
been reviewed previously, and we have specifically arranged the content of this article according
to the resulting material and its corresponding application; we review guided bone regeneration
membranes, bone cements and devices and scaffolds for both soft and hard maxillofacial tissue
regeneration, including hybrid scaffolds, dental implants, hydrogels and composites.
Keywords: Bio-based polymers; antibacterial; cranio-maxillofacial regeneration; dentistry; tissue
engineering; chitosan; guided bone regeneration membranes; bone cements; biomedical devices
1. Introduction
Tissue engineering approaches aim to provide damaged tissues with the most suitable conditions
in order to regenerate and fully heal as soon as possible. Therefore, depending on the complexity of the
tissue, there will be different limitations. In this review, we have focused on the cranio-maxillofacial
structure, a region of particular interest due to the numerous dental procedures, oral cavity diseases and
treatments, and cranial abnormalities including craniosynostosis, neoplasms, cleft-lip palate and other
kinds of hypoplasias, among others [1–3]. In this sense, there are multiple zones within the maxillofacial
structure that may act as reservoirs of potentially pathogenic bacterial organisms, which tend to cause
infections when the tissues are damaged (e.g., oral cavity). Thus, when designing novel materials for
cranio-maxillofacial tissue engineering, it is highly recommended to add antibacterial properties.
The prolonged use of antibiotics before, during, and after performing interventions at these
zones is a concerning common practice in the clinical setting [3–6]. However, in recent decades,
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the world is becoming aware of the importance of misusing antibiotics, and the consequences it
has provoked, like the apparition of multi-resistant bacterial strains. Predictions estimate that in
2050 the mortality caused by these resistant strains will be higher than that of cancer [7]. Therefore,
it is essential to develop a strong research field focused on alternative approaches to conventional
antibiotics. In this regard, the use of new bio-based materials derived from renewable feedstocks
with intrinsic antibacterial activity might represent a strategical alternative for tissue engineering
applications, limiting the environmental concern associated to the current demand for polymers and
composites [8,9].
1.1. Bio-Based Polymers
Before discussing the numerous applications that these polymers could play in cranio-maxillofacial
regeneration, it is essential to precisely define the term “bio-based polymer”. In the literature, the terms
bio-based polymers and biodegradable polymers have been extensively used. Both biodegradable
and bio-based polymers are considered eco-friendly materials, and this has led to the frequent
misconception of their correct interchangeability. However, there is a key difference between the two
types of polymers.
On the one hand, biodegradable polymers are those susceptible to degradation by biological
activity, with the degradation accompanied by a lowering of its molar mass [10]. In contrast,
the “bio-based” adjective does not refer to the properties of the polymers, but to the raw material
from which they are obtained, being bio-based polymers derived from renewable resources, including
plants, bacteria or algae, among others [11].
In this sense, bio-based polymers can also be classified according to their degradability, with both
biodegradable (e.g., polylactic acid, PLA) and non-biodegradable (e.g., bio-polyethylene) bio-based
polymers. Similarly, not all biodegradable polymers are bio-based polymers (e.g., polycaprolactone,
PCL) [12]. Thus, every polymer can be classified according to these two characteristics into four groups
as summarized in Scheme 1 [13].
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Bio-based polymers are considered eco-friendly materials based on the “carbon neutrality” concept.
After being used, the non-biodegradable, bio-based polymers are burnt, generating carbon dioxide,
which is then reconverted to biomass by photosynthetic organisms, and, therefore, they are being
recycled. This fact may have enormous consequences for the economy. Due to the constant fluctuation
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in petroleum prices, it is imperative to find alternative resources in order to leverage the uncertainty of
the oil market. However, nowadays, the bio-plastics market represents only about 1% of the 335 million
tons of plastic that the world produces annually, and this production is continuously growing [12,14].
For this reason, increasing efforts have been made in recent years to design polymeric materials
from renewable resources in order to replace, to a higher extent, the current non-renewable fossil
fuel-based products [9,15]. In this sense, the global bio-based-polymers market is expected to reach
USD 9.6 billion by 2025, affecting this expansion to the biomedical sector too, an area which is not
currently among the top five in the bio-based-polymers market [16]. The possibility to control the
properties of the polymers by modulating different parameters such as their composition, thermal and
mechanical stabilities or hydrophobicity/hydrophilicity ratio, allows us to produce a wide variety of
polymer-based materials (e.g., hydrogels, scaffolds, membranes), which could be used with different
applications for cranio-maxillofacial regeneration such as controlled drug-release, gene therapies and
coatings, among others [9].
1.2. Cranio-Maxillary Tissue Engineering
In this review, we have focused on tissue regeneration, having limited our search to the
cranio-maxillary region, a complex area which includes different structures such as the bones of
the face (e.g., maxillary bones), the skull, dental organs and their surrounding tissues. In turn, all these
structures are composed of both hard and soft tissues like bone, cartilage, epithelium, or periodontal
tissues, thus presenting many pathologies which might require clinical intervention.
On the one hand, there are many congenital, genetic disorders and multiple anomalies that
interfere with bone development in the area of the skull and maxillary bones, which are encompassed
under the collective term “craniofacial syndromes”. They are directly associated with the development
of bone and cartilage, affecting the form and function of the head and face [17], and include those
associated with the oral cavity too.
An illustrative example is the cleft lip/palate, a syndrome which occurs as a result of the non-fusion
of the primary palate, causing a severe absence of bone in this area [2,18]. These orofacial cleft
conditions have been estimated to have a global annual prevalence of 7.94 cases per 10,000 live births
with high variances of treated patients across regions and countries causing a high economic impact
worldwide [1,19–21]. In these cases, a replacement through autologous grafting would be required,
but due to its invasiveness and high cost, there are other strategies like the use of hybrid scaffolds or
composites which can replace the palatal, maxillary and the alveolar cleft defects [22].
On the other hand, there are multiple conditions which are not caused by a genetic malformation
such as an alveolar atrophy, trauma-related pathological defects, odontogenic keratocysts, giant cell
lesions, or ameloblastoma, among others. However, all these anomalies, and some clinical procedures
(e.g., maxillary sinus elevation surgery), result in critical bone defects [2,23,24].
However, apart from the tissues’ complexity, the most important issue regarding craniofacial
syndromes and related dental procedures are the resident, pathogenic microorganisms found in these
regions, and how they negatively influence the recovery of patients [25,26]. The microbiota of the
nasal and oropharyngeal cavities is predominantly composed of Lactobacillus species and a variety of
Gram-negative organisms such as Staphylococcus and Enterobacter species, among others, that can cause
concomitant infections, resulting in severe medical pathologies like osteomyelitis or other chronic
bacterial infections (e.g., periodontitis and peri-implantitis) [26,27]. For all these reasons, there is a
clinical need to develop biomaterials that meet the demands of each area to achieve tissues regeneration
while having antibacterial properties to avoid secondary bacterial infections [27]. In this sense, the most
clinically applied systems in oro-cranio-facial regeneration are (Figure 1):
1. Membranes for Guided Tissue/Bone Regeneration. During bone-regenerative treatments,
soft tissues of the oral cavity tend to proliferate too and can impede the correct restoration of
the area. For this reason, it is necessary to employ a physical barrier (a membrane) to exclude
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the gingival epithelium and connective tissue ingrowth, while enhancing the formation of bone
and/or periodontal tissues [28–31].
2. Scaffolds and Implanting Medical Devices for Soft and Hard Maxillofacial Tissues:
a. Hybrid scaffolds act as extracellular matrix substitutes, improving cell viability, attachment,
proliferation and differentiation, as well as vascularization, host integration, and load bearing.
They are mainly used for cranial and maxillary regenerative therapies like preventing
oroantral fistulae or for treating maxillary peri-implantitis [32,33].
b. Dental implants are a common choice for substituting missing teeth due to the excellent
mechanical and chemical properties of the employed alloys. However, the application
of bacterial biofilms on their surfaces may affect their outcome. For this reason, it is
necessary to use materials and composites as coatings to provide implants with antibacterial
properties [34–36].
c. Hydrogels. Due to their unique properties, hydrogels are a perfect choice for filling irregular
cavities during many clinical interventions such as maxillary sinus lift, replacement of bone
structure caused by oroantral fistulae, maxillary peri-implantitis, sinusitis of zygomatic and
bone defects of dental implant origin, among others [37,38].
d. Polymeric and Bioactive Glass-based composites are used to induce and conduct the
mineralization of tissues in cranial and periodontal defects repair. In this regard, bioactive
glasses (BGs) are mainly employed as bone substitutes in orthopaedics for maxillofacial
reconstruction and as bioactive coatings in dental implants [39–42].
3. Cements are applied during the rehabilitation and placement of dental crowns, bridges, inlays,
onlays or veneers, which are treatments where bacteria may be still present due to a partial
removal of a caries or due to certain microleakage after cementing [43].
Thus, in summary, throughout this review we have highlighted the use of bio-based polymers,
which by their own nature, or by chemical modifications of their structure, and/or by their combination
with other substances, provide a useful antibacterial activity as well as the suitable conditions to
develop the aforementioned systems for oro-cranio-facial regeneration.
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2. Membranes for Guided Tissue/Bone Regeneration
The use of guided tissue/bone regeneration (GTR/GBR) approaches has recently increased in the
oral and maxillofacial fields, being widely used for the augmentation of alveolar bone in maxillofacial
surgery or in the reconstruction of oral tissues such as during the placement of dental implants, or during
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the regeneration of periodontal and endodontic tissues. This procedure is based on the concept of
employing a physical barrier (membrane) to exclude gingival epithelium and connective tissue
ingrowth, while enhancing the formation of bone and/or periodontal tissues [28–31,44]. Regarding
their design, different polymeric materials, bio-based or not, have been employed for GTR/GBR,
including synthetic polymers like polytetrafluorethylene (PTFE) or aliphatic polyesters such as PLA,
polygalacturonic acid (PGA) or PCL; and natural ones like collagen or alginate [29,45–53]. However,
although these membranes are widely marketed today, they do not possess intrinsic antibacterial
properties [31,54–57].
In this sense, during the past 20 years, chitosan has been one of the most attractive candidates for
tissue regeneration due to its low cost, biocompatibility, appropriate degradation rate, and hemostatic
activity, among other characteristics. This polysaccharide is obtained from the partial deacetylation
of chitin, being mainly composed of D-glucosamine and partly of N-acetyl-D-glucosamine units.
Moreover, this bio-based polymer has not only been reported to provide a better substrate for
osteoblasts attachment and proliferation rather than for fibroblasts colonization, but also it inhibits
some Gram-negative and Gram-positive bacterial infections such as Actinobacillus actinomycetemcomitans
and Streptococcus mutans, making it a good candidate for maxillofacial GBR applications [46,58–60].
Nevertheless, there are several factors influencing its antibacterial properties like the molecular
weight, degree of deacetylation and polymer concentration, as its bactericidal mechanism has not been
completely elucidated yet [58,61–64].
Chitosan has been employed in different forms. For example, chitosan nanoparticles have
been investigated due to their potential to adhere to mucosal surfaces for drug delivery purposes.
It was reported that chitosan acted synergistically with chlorhexidine or minocycline in collagen
membranes for periapical GTR [44,46,65], showing antibacterial properties as well as biocompatibility
and barrier function against Enterococcus faecalis [44]. On the other hand, chitosan has been widely
employed for GBR membranes blended with other polymers such as collagen, against S. mutans [66],
and PCL and gelatin, against Escherichia coli and Staphylococcus aureus (Figure 2) [62]. As an alternative,
Jin et al. recently studied a composite-membrane combining chitosan and silver particles, which they
hypothesized could release silver ions from the fibers in a controlled manner in order to achieve enough
antibacterial effects without affecting the biocompatibility of the material [31,67].
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In the work carried out by Saarani et al., they described a triple-layered GBR membrane composed
of poly(lactic-co-glycolic) acid (PLGA), nanoapatite and lauric acid [68]. This last component is a
medium-length long-chain fatty acid which is present in coconut palm or milk. It is biocompatible,
as it is found in human sebum as well, and it has been demonstrated to have antibacterial properties
against different microorganisms. In this work, the authors showed that the antibacterial capacity
of the studied GBR membrane could be enhanced by increasing the content of lauric acid in the
composite [68].
3. Scaffolds and Implanting Medical Devices for Soft and Hard Maxillofacial Tissues
There are multiple conditions such as trauma, alveolar atrophy, pathological defects, maxillary
sinus elevation or dental implantations that can cause gingival resorption and bone loss at the
maxillofacial region, resulting in critical bone defects. Thus, the use of tissue engineering strategies is
an alternative to tackle these problems [23,69]. Several synthetic and natural, bio-based polymeric
scaffolds, including collagen, chitosan, PLA, polyhydroxybutyrate (PHB), or polyhydroxyalkanoates
(PHAs)-based scaffolds, among others, have been investigated for generating human artificial tissues
like the oral mucosa or maxillofacial bone [23,70,71]. Nevertheless, apart from promoting tissue
regeneration, it is necessary to develop composite scaffolds and implantable devices with antimicrobial
properties, or which are capable of loading drugs and antibiotics in order to prevent potential infections.
3.1. Hybrid Scaffolds
Scaffolds are three-dimensional constructs that act as a substitute of the extracellular matrix,
providing a supporting structure for cell colonization, proliferation, and subsequent new tissue
formation [72]. Several polymeric, composite materials have been clinically employed for cranial and
maxillary regenerative therapies (e.g., collagen-based sponge grafting for preventing oroantral fistulae,
maxillary peri-implantitis, sinusitis of zygomatic and bone defects of dental implant origin) [33].
Polyesters are the main biodegradable polymers which have received more attention due to their
physical characteristics, revealing a wide range of properties, from rigid-brittle to flexible plastics. In this
sense, the combination of different polymers like PCL, PHB or PLGA has demonstrated good features
for repairing damaged human tissues, as well as for developing devices for drug-release purposes,
including antibiotics [73,74]; or nanoparticles with antibacterial properties (Figure 3) [54,75,76].
In particular, PCL is a common choice for developing polymeric blends because of its low melting
point, great mechanical properties and non-enzymatic degradation by hydrolysis. In contrast, it also
presents some drawbacks such as its hydrophobicity, limited bioactivity and its neutral charge. For this
reason, its combination with other bio-based polymers not only solves these limitations, but also the
disadvantages of their counterparts. For instance, in chitosan/PCL blends, the former could supply a
positive charge and biocompatibility, while the latter could enhance the poor mechanical properties of
chitosan and control the overall degradation of the scaffold [77].
Recently, Ding et al. studied drug incorporation into organic/inorganic hybrid scaffolds in contrast
to pure polymeric or ceramic ones, which are more common in the field. The group developed two
hybrid scaffolds made of PHB/PCL, containing or not a sol–gel-derived silica, and loaded levofloxacin
as a model antibiotic. Their studies shown that these scaffolds exhibited antibacterial action against both
Gram-positive S. aureus and Gram-negative E. coli, while not affecting osteoblast viability. Moreover,
the silica phase dissolution significantly increased the mineralization nodules after 4 weeks of culture,
being the optimal choice for bone tissue regeneration [70]. In a similar way, Sarasam et al. synthesized
two-dimensional membranes and three-dimensional porous scaffolds to evaluate the antibacterial
properties of chitosan blended with PCL matrices in different configurations against two pathogens
S. mutans and A. actinomycetemcomitans. This study indicated that chitosan impaired the proliferation of
microorganisms on its surface despite a certain loss of a activity after its blending with PCL [76].
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therefore, preventing infections, while acceler ting wound ealing. This coul be particularly beneficial
in the case of destructive diseases like periodo titis [80]. In addition, Park t al. recently developed a
hydrophobically-m dified glycol-chitosan nano-controlled system that was injected into ritical-sized
defects in pal tal soft tissues of dogs, d m nstrating that th use of thes c itosan-based systems can
promote the regeneration of oral soft tissue defects too [81].
3.2. Dental Implants
Titanium (Ti) implants constitute a globally accepted device in dental restoration for substituting
missing teeth due to their excellent mechanical and chemical properties, their good corrosion resistance,
and biocompatibility. However, some inevitable mechanical or biological complications such as
mucositis, peri-implantitis, and marginal bone resorption can result from the apparition of bacterial
biofilms on their surfaces [34–36]. In this sense, numerous approaches have been proposed to
functionalize titanium surfaces by using anti-adhesive polymers to inhibit biofilm colonization [85].
For instance, polysaccharides such as chitosan and hyaluronic acid have been demonstrated to inhibit
bacterial adhesion to titanium by interfering with surface linkage between titanium and the biofilm
forming bacteria (Figure 4) [35,86–88]. The antibacterial effect resulting from the combined properties
of these two polysaccharides, via reducing the hydrophobic interactions and van der Waals forming
forces, diminished bacterial adhesion [35,89].
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f bacterial biofilm formation through antibacterial surface activity, while not affecting the
viability of osteoblastic cells. For this reason, the n ed to study composite systems has increased in
recent years, seeking the prom tion of the proliferation and differentiation of native cells, while using
antibacterial agents to prevent th developm nt of i fections [85].
3.3. ydrogels
ydrogels are ater-s ollen, poly eric aterials that have been studied for bone and cartilage
tissue engineering due to their potential use as a ini ally invasive bio aterial for filling irregular
cavities. For instance, they have been suggested in elevation treatments of the maxillary sinus
floor [37,38], by using natural polymers like silk, collagen, hyaluronic acid, gelatin or chitosan
with advantages such as controlling their degradability, versatile chemistry, i pressive echanical
properties, lo infla atory profile and high antibacterial activities against S. aureus or elicobacter
pylori. In this regard, different authors have recently studied thermosensitive chitosan-based hydrogels
for sealing and lubricating purposes in dental implantation systems, successfully testing their
antibacterial ability against E. coli, S. aureus and P. gingivalis [34,92]. Furthermore, the use of hydrogels
has been considered as an effective approach to combine both antibacterial efficacy and excellent
osteoblastic cells responses, having great potential in ligament and bone regeneration, and, therefore,
for maxillofacial regeneration [37,93–95].
3.4. Polymeric and Bioactive Glass-Based Composites
Bioactive glasses (BGs) are materials with the ability to induce and conduct the mineralization of
tissues, which are currently widely employed in maxillofacial reconstruction, cranial and periodontal
defects repair, alveolar ridge augmentation, as bone substitutes in orthopedics, and as bioactive
coatings in dental implants, among other applications [39–42,96]. The incorporation of these glasses
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into various restorative dental materials has been recently investigated with the aim of providing
bioactivity and antimicrobial properties against oral bacteria such as Streptococcus sanguis, S. mutans
and Actinomyces viscosus [96].
Bioactive glass nanocomposites (58S-BG) consisting of SiO2, CaO and P2O5 have been
widely applied for bone tissue engineering due to their excellent biocompatibility, bioactivity,
antimicrobial activity and tight bonding between the dental implants and the surrounding bone [41,97].
Other examples include the BG–chitosan composite which was deposited on PEEK/BG layers, providing
an antibacterial and bioactive coating [98], or a self-gelling pectin–BG composite, which was reported as
an injectable composite with antibacterial activity [99]. In addition, some BGs have been incorporated
into membranes along with bio-based polymers such as poly(3-hydroxybutyrate-co-3-hydroxyvalerate)
(PHBV) to provide them with a favorable surface roughness, hydrophilicity and flexibility,
but also to develop devices with potential applicability as multidrug carriers (e.g., antibacterial
and/or antiosteoporotic drugs), making them promising candidates to be applied in GTR/GBR
applications [100]. This has led to the study of composites based on BG and other natural polymers
such as gelatin and collagen biomimetic electrospun fish collagen, which possess antibacterial activity
against S. aureus and which could be used as a functional skin wound dressing [101].
3.5. Other Approaches
Flavonoids are phenolic compounds which have been studied because of their antioxidant,
anti-inflammatory, and antimicrobial capacities. They are present in fruit and vegetables mostly as
glycosides, but they can also appear in a free form as sulfates, esters, dimers or polymers. Indeed,
some studies have reported antibacterial effects of different flavonoids such as quercitrin, galangin,
chrysin and taxifolin against diverse bacteria like S. aureus, considering its use for periodontal
applications [102–104].
In this regard, Gómez-Florit et al. studied the effect of different flavonoids on human gingival
fibroblasts showing that quercitrin had the most promising biological effects due to its non-toxicity;
its capacity of increasing collagen IIIα1 and decorin levels while decreasing the expression of profibrotic
markers during wound healing and also its capacity for decreasing the bacterial growth rate [103].
For these reasons, it is expected that quercitrin might contribute to protect and recover the integrity of
gingival tissue after injuries. In another study, quercitrin was found to increase mineralization, alkaline
phosphatase activity and osteoblastic differentiation of human mesenchymal stem cells. These findings
suggest that quercitrin might be a novel bioactive molecule with potential therapeutic effects for
soft and hard tissue regeneration processes and could be used in its polymeric form for periodontal
applications [103,104].
In another approach, Almaroof et al. reported the use of a polymerizable eugenol
derivative to provide hydroxyapatite, ZnO2-containing, Bis-GMA/TEGDMA (2,2-bis [4-(2-hydroxy-3-
methacryloyloxypropyl)-phenyl] propane/tri-ethyleneglycol dimethacrylate) resin-based formulations
with antibacterial properties. They found that the anchoring of the eugenyl-derivative onto the
surfaces of the material exhibited an effective bacteriostatic activity against E. faecalis, S. mutans and
Propionibacterium acnes (Figure 5) [105,106].
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Figure 5. Schematic illustration of pendent eugenyl residues from the polymeric network on the surface
of the composites (A), and images of composites surface antibacterial activity assay according to the
ISO 22196:2007 after 24 h of incubation (B). Adapted from Almaroof et al. 2016 [105], with permission
from Elsevier.
4. Cements
Cements are reconstructive materials based on self-curing components via an acid-base reaction
or free radical polymerization, leading to cement curation. Self-curing cements can be classified
according to their composition in three main categories: polymethyl methacrylate (PMMA)-based
resins, glass ionomer cements (GICs) and calciu phosphate ce ents (CPCs).
4.1. Polymethyl Methacrylate-Based Cements
PMMA-based cements are composed of both a liquid monomer and a solid phase of PMMA
and/or other co-polymers as powder. Polymerization occurs when amino and benzoyl-peroxide groups
of each phase react, emitting high doses of energy in the form of heat, which in turn limits their
applicability in great volumes. Moreover, the other major concern about these resins is their inert
behavior, which often leads to bacterial colonization. For this reason, cement-soaking with antibacterial
agents was one of the first ways to avoid infections. However, this approach resulted in a diminishment
of the mechanical properties of the cements. In this sense, the use of bio-based polymers can fulfill
these necessities via reinforcing the mechanical properties of antibacterial-soaked cements or using
bio-based polymers with antibacterial properties. Tan et al., tested (in vivo) the effect of quaternized
chitosan (hydroxypropyltrimethyl ammonium chloride chitosan, HACC)-loaded PMMA bone cement
on methicillin-resistant S. aureus (MRSA)-inf cti s of t e tibial metaphysis in a rabbit model, infecti ns
which are sp ciall difficult to overcome due to antibiotics resist nce. By using this quaternized
chitosan, they ob ined much better antibacterial results i comparison to the gentamycin-loaded and
the chi osan-loaded cemen s. Moreover, bone lysis, cys formation and s qu stral bone formation was
observed in the control, gentamycin-l aded and chitosan-loaded cements while they were not in the
HACC-loaded PMMA, obtaining the lowest hist pathological sc res among all the condi ions [107].
Shi et al. studied (in vitro) the effect of loading chitosan and quaternary ammonium chitosan-
nanoparticles into PMMA cements with, or without, additional gentamycin. On the one hand,
they demonstrated that the addition of the nanoparticles did not alter the mechanical properties
of the cement and provided antibacterial effects against S. aureus and S. epidermidis [108]. The best
antibacterial results were achieved with the quaternary ammonium chitosan nanoparticles, which was
in agreement with other authors, probably because of its higher surface density when compared to
chitosan, as explained in [109].
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In contrast, Wang et al. loaded chitosan hydrogels into PMMA cements obtaining antibacterial
composites with good mechanical properties [110,111]. In a first work, they functionalized a
PMMA-based commercial cement with a hydrogel of chitosan and poly(vinyl alcohol) (PVA) containing
nano-sized hydroxyapatite and silver ions. The inclusion of hydrophilic hydrogels like that one within
PMMA matrixes creates a porous structure which is beneficial for bone growth, upgrading a bioinert
PMMA resin into a bioactive composite which could induce crystals formation. Moreover, the addition
of nano-sized hydroxyapatite promoted the formation of a dense layer of apatite on the surfaces of
the pores while silver ions provided the antibacterial properties (Figure 6) [111]. In a subsequent
work, the authors loaded a quaternized chitosan derivative (HACC)-glycerophosphate hydrogel,
which provided both mechanical, antibacterial and osteogenic properties to the cement, diminishing
the number of components. Furthermore, it lowered the maximum temperature value of the setting
reaction to less than 30 ◦C while increasing the working time [110].
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Figure 6. Contact bacteriostatic (A) and sustained-release bacteriostatic (B,C) of polymethyl
methacrylate (PMMA)-based cements in E. coli and S. aureus: (I) PMMA cement; (II) PMMA cement
functionalized with a hydrogel of chitosan and poly(vinyl alcohol) (PVA) (p-PMMA/CS-PVA); (III) PMMA
cement functionalized with a hydrogel of chitosan and PVA containing nano-sized hydroxyapatite
(p-PMMA/CS-PVA/Nano-HA); (IV) PMMA cement functionalized with a hydrogel of chitosan and
PVA containing silver ions (p-PMMA/CS- PVA/Ag+); (V) PMMA cement functionalized with a
hydrogel of chitosan and PVA containing nano-sized hydroxyapatite and silver ions (p-PMMA/CS-PVA/
Nano-HA/Ag+). Statistical significance: * p < 0.05; ** p < 0.01. Reproduced from Wang et al., 2016 [111],
with permission from The Royal Society of Chemistry.
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Other authors have also used chitosan to induce porosity and roughness to the cement while
incorporating additional elements to achieve the desired antibacterial properties. In this sense, Valencia
Zapata et al. combined both chitosan and graphene oxide nanoparticles into an acrylic bone cement,
which supported good cell viability of human osteoblasts while having both antibacterial and osteogenic
properties [112,113]. Similarly, De Mori et al., designed a complex PMMA-based cement which was
loaded with silver nanowires to achieve antibacterial properties; chitosan to achieve porosity, reduce
the maximum setting temperature, and maintain appropriate mechanical properties; and methacryloyl
chitosan to promote cross-linking with MMA, reducing the quantity of the monomer that is available
for use [114].
4.2. Glass Ionomer Cements
In contrast to PMMA-based cements, glass ionomer cements (GICs) have an inherent antibacterial
activity. Although the action mechanism is not fully understood, some hypotheses have been posed.
On the one hand, the low pH of the cement during setting has been proposed as a suitable mechanism
to prevent bacterial colonization during the intervention. On the other hand, fluoride and, in some
cases, zinc released from GICs might also have an important role in the antibacterial nature of the
cement. However, these properties are not enough to avoid the formation of S. mutans biofilms,
leading to carious lesions. The addition of antibacterial compounds such as chlorhexidine or eugenol
derivatives has also been investigated, but similar results to PMMA-based resins were obtained,
with the mechanical properties reduced [115]. In this regard, the addition of bio-based polymers
as modifiers to improve both the antibacterial and mechanical properties of commercial GICs is of
great interest.
Different authors have demonstrated the effect of adding low quantities of chitosan to a commercial
GIC [116,117]. On the one hand, there was an improvement in the mechanical properties of the GIC,
which they attributed to the interaction via hydrogen bonds between the hydroxyl and acetamide
groups of chitosan, and the hydroxyl groups of the inorganic particles with the carboxylic groups of
poly(acrylic acid) (PAA), thus resulting in a stiffer network, and diminishing the interfacial tension
among all the constituents. On the other hand, fluoride release from the GIC was catalyzed by chitosan
due to the entropic gain associated to its release via chitosan adsorption with PAA, forming a polymeric
network, which modulates the mechanical properties of the cement and its adhesion capacity to the
enamel or the dentin.
Other authors have studied these effects in depth. For example, Ibrahim et al. added different
concentrations of chitosan (from 5 to 50% v/v) to a commercial GIC (GC Gold Label Glass Ionomer)
and observed that dual effect: the reinforcement of mechanical properties, and the enhancement of
its adhesion to the dentine. This effect was obtained only for those composites containing 5 and
10% chitosan, while concentrations over 25% negatively affected the micro-tensile bond strength,
and, therefore, the adhesion to the dentin [118]. Similarly, Debnath et al. found an increment of
84% in the mean micro-shear bond strength of the 10% v/v chitosan-modified GIC to the enamel
compared to the commercial one (Fuji IX) [119]. Regarding antibacterial properties, both articles
assessed biofilm formation by S. mutans and found that 10% chitosan-modified GICs thinned the dense
bacterial layer observed in control samples. Ibrahim et al. confirmed that higher concentrations of
chitosan achieved better antibacterial results, although compromising the mechanical properties [118].
Thus, while above 10% chitosan there was a reduction in fluoride diffusion, the reported bactericidal
effects seemed to be mainly caused by the presence of the polymer, and not by the ions. Moreover,
a synergistic effect was found in both antibacterial and mechanical properties when combining chitosan
and titanium-dioxide nano-powder [120]. Zhou et al. also analyzed whether gingival tissue could
adhere to a root surface previously restored with a chitosan-modified GIC and, in agreement with the
previous works, they reported the characteristic bimodal behavior of the mechanical properties when
increasing the content of chitosan, and demonstrated that 2 wt% was the most cytocompatible dose
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of chitosan for the growth of human gingival fibroblast, due to the faster flow of fluoride ions to the
medium, which consequently combined with H+, increasing the medium pH towards neutrality [121].
4.3. Calcium Phosphate Composites
Similarly to GIC cements, some authors have included chitosan into the liquid phase of calcium
phosphate cements (CPCs) to create composite materials with antibacterial properties. Wu et al.
reinforced CPCs with chitosan of different molecular weights or with HACC, and confirmed that the
single addition of low-molecular weight chitosan (30 kDa) and HACC avoided bacterial adhesion and
biofilm formation without negatively affecting the cytocompatibility of the material [122]. A similar
result was reported by Moncif et al., who combined a self-made apatite matrix with chitosan of high
molecular weight (250 kDa), obtaining a composite which showed better antibacterial results against
S. aureus in comparison to S. epidermidis [123].
5. Conclusions
Cranio-maxillofacial area comprises various anatomical zones and tissues where different bacterial
populations coexist within a delicate ecological balance. However, this microbiota contributes to
the increased risk of bacterial infections when applying regenerative treatments. For this reason,
the administration of adjuvants with antimicrobial properties is of particular interest to prevent the
contamination at the local site. Thus, throughout this review, we have highlighted the potential
applicability of bio-based polymers for these purposes (Appendix A); they are a promising, eco-friendly
alternative that tackles antibacterial resistances and petroleum uncertainty, as well as limits the
environmental concerns associated to the current demand for polymers and composites.
On the one hand, bio-based polymers present many features that make them perfect candidates to
develop the wide variety of systems reviewed above such as their availability, versatility, adaptability
and compatibility. Moreover, it is well-known that environmental factors (e.g., porosity, roughness,
hydrophobicity) can play a pivotal role in different biological processes like allowing bacterial adhesion
or promoting the proliferation of a preferred cell type. In this sense, bio-based polymers can be
combined with other elements to modulate different parameters of the resulting material like the
degradation rate (e.g., PCL blends), or to present cell-instructive sequences (e.g., RGD peptides).
On the other hand, the use of bio-based polymers presents some drawbacks too. For instance,
among bio-based polymers, only chitosan and its quaternized derivative (HACC) have been reported
to exert antibacterial properties on their own, and regarding chitosan, these properties depend on other
physical parameters like its molecular weight. This leads to the second major disadvantage of the use
of natural polymers: the batch-to-batch inhomogeneities. As bio-based polymers do not come from
standardized processes, differences can be found among batches and results obtained with one batch
might not be replicated by others if some parameters vary. For this reason, it is crucial to precisely
physicochemically characterize this kind of natural raw material.
Nevertheless, future perspectives seem promising for the use of bio-based polymers for these
indications. Firstly, because of the urgent need to replace conventional antibacterial treatments,
many combinational approaches are being explored (e.g., nanoparticles, ions, graphene oxide, etc.).
Moreover, research based on the polymerization of natural products or their derivatives may represent
an interesting line to follow-up (e.g., quercitrin or eugenol). Finally, scientific multidisciplinarity
may bring together some innovative approaches like the integration of gene or cell therapies, or the
development of smart materials that respond to physiological signals, thus, strengthening the research
on composites, which is often described as the favorite approach nowadays.
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Appendix A
Table A1. Review’s Overview: most clinically applied systems for cranio-maxillary regeneration, clinical applications, composition and references.
Clinical System Clinical Applications Bio-Based Polymer Employed References
Membranes for Guided Tissue/Bone
Regeneration
1. Augmentation of alveolar bone, reconstruction of oral
tissues during the placement of dental implants,
or during the regeneration of periodontal and
endodontic tissues.







chlorhexidine or minocycline) [29,44,46,56,57,65,101]
Chitosan (with chlorhexidine,
minocycline or collagen) [44,58–60,101,111]
Chitosan (with silver particles) [31,67]
PLGA (with nanoapatite and
lauric acid) [53,68]
Gelatin (with PCL) [62]
Scaffolds and Implanting




1. Sponge grafting for preventing oroantral fistulae,
maxillary peri-implantitis, sinusitis of zygomatic and
bone defects of dental implant.
2. Scaffolds for oral soft tissue (such as palatal, gingival
and periodontal tissues).









Medical Devices for Soft
and Hard
Maxillofacial Tissues
Dental Implants Device in dental restoration for substituting missing teeth
Chitosan [35,36,86–88]




PLGA (with norfloxacin) [91]
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Table A1. Cont.
Clinical System Clinical Applications Bio-Based Polymer Employed References
Scaffolds and Implanting




1. Filling irregular cavities (bone and cartilage
tissue engineering).
2. Elevation treatments of the maxillary sinus.







1. To induce and conduct the mineralization of tissues in
maxillofacial reconstruction, cranial and periodontal
defects repair, alveolar ridge augmentation.
2. Bone substitute in orthopedics.
3. Bioactive coatings in dental implants.
4. Incorporation into various restorative dental materials.
Chitosan (with BG) [98]
PEEK (with BG) [98]
Self-gelling pectin (with BG) [99]
PHBV [100]
Gelatin and Collagen [101]
Other
Approaches
Novel bioactive molecules with potential therapeutic










Standard vehicles for loading antibiotics used in
maxillary orthopedics.
Chitosan [112–114]
Chitosan hydrogels (with silver ions) [110,111]
Quaternized chitosan (HACC) [107]
Chitosan and HACC nanoparticles [108,109]
Glass Ionomer
Cements
1. Applied during the rehabilitation and placement of
dental crowns, bridges, inlays, onlays or veneers.
2. Standard vehicle for loading antibiotics in maxillary
orthopedics treatment.
Chitosan [116–119,121]




1. Bone fillers for fixating orthopedics and
dental implants.
2. To avoid movements between the prosthesis and bone,
being applied as an interface between both.
3. Performing osteoconductive actions in fractures and
bone defects.
Chitosan [122,123]
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